I K1 , and I KATP ), [3] [4] [5] [6] leading to increased risk of action potential duration (APD) prolongation, early afterdepolarization (EAD), triggered activity, and ventricular arrhythmias. 7 Although APD prolongation is proarrhythmic, acute but reversible APD shortening after ventricular fibrillation (VF)-defibrillation episodes has been observed in a rabbit model of pacinginduced HF. 8 The APD shortening along with persistent intracellular Ca 2+ (Ca i ) elevation can promote calcium transient-triggered firing 9 and late phase 3 EAD, 10 leading to triggered activity and recurrent spontaneous VF. The mechanisms of acute postshock APD shortening in failing rabbit ventricles is due to VF-induced Ca 2+ accumulation 11 and the upregulation of apamin-sensitive K + currents (I KAS ). 12 These studies suggest that I KAS upregulation in failing ventricles may be antiarrhythmic by preserving the repolarization reserve but may also be proarrhythmic by acutely and excessively shortening the APD during Ca i overload. However, whether I KAS are upregulated in failing human ventricles remains unknown. The purpose of the present study is to test the hypothesis that subtype 2 of the small-conductance Ca 2+ activated K + (SK2) channels and I KAS are upregulated in an important role in determining the APD in failing human ventricles.
Methods Clinical Data Collection
The Human Heart Failure Tissue Collection Program is approved by the institutional review board at the Indiana University School of Medicine. The intraoperative atrial tissue collection is approved by the institutional review board of Medical College of Wisconsin and the University of Rome, La Sapienza. Written informed consents were obtained from all patients who participated in the study. Twelve native hearts from transplant recipients (HF group) and the apical tissues from 11 patients with aortic stenosis and normal systolic function who underwent apicoaortic conduit surgery (non-HF group) were studied. 13 Human atrial tissues were harvested during open heart surgery and preserved in liquid nitrogen. The atrial tissues were used for comparison because they are known to abundantly express SK2 proteins. 14 
Cell Isolation
Left ventricular myocytes were isolated using enzymatic digestion methods. The heart tissues were immersed in cardioplegic solution on collection. A branch of coronary arteries was cannulated for perfusion. The remaining arteries were ligated to prevent leaking of the perfusate. Tyrode solution, equilibrated with 95% O 2 and 5% CO 2 , was then perfused for 10 minutes. 
Western Blot Analysis
SK channels have 3 subtypes. 16, 17 Among them, SK2 is the most sensitive to apamin, whereas SK1 and SK3 are insensitive 18 and moderately sensitive, 19 respectively. We detected only a small amount of SK3 protein in the human ventricles with a commercial antibody (P0608; Sigma). However, the low signal-to-noise ratio on Western blots prevented proper analyses (data not shown). Therefore, we chose to focus our efforts in studying SK2 expression. For each well, 30 lg of homogenate of left atrial and ventricular tissues was loaded on an SDS-polyacrylamide gel and transferred to a nitrocellulose membrane. The blot was probed with the anti-SK2 polyclonal antibody (1:600, Abcam). Antibody-binding protein bands were visualized with 125 I-protein A and quantified with a Bio-Rad Personal Fx PhosphorImager. Expression of SK2 for each sample were normalized to glyceraldehyde-3-phosphate-dehydrogenase levels and expressed as arbitrary units (AUs). A right atrial appendage tissue from a 57-year-old male patient with paroxysmal atrial fibrillation, who received cardiac surgery, was used as a positive control.
Paraffin sections of 4-lm thickness were incubated at 60°C for 15 minutes. Slides were then deparaffinized in 3 changes of xylene for 5 minutes each and rehydrated through graded ethanol to distilled water. After washing in PBS, the cells were permeabilized in 0.2% Triton X-100 for 1 hour at room temperature. Then, slides were washed with PBS and blocked with 2% BSA plus 10% normal donkey serum (Jackson ImmunoResearch) for 1.5 hours. The cells were stained with affinity purified goat anti-human KCNN2 polyclonal antibody (LifeSpan BioSciences) at a concentration of 4 lg/mL overnight. After washing, the cells were incubated with Alexa Fluor 555 labeled donkey anti-goat IgG (Invitrogen) at 1:200 dilution for 1 hour. Finally, the slides were washed, stained with Hoechst and mounted in VectaShields medium. Samples were examined by scanning laser microscopy (Olympus FV1000) using a 960 1.42 NA oil immersion objective and a pixel size of 138 nm. Images were obtained by sequential illumination with 405-, 488-, and 559-nm laser light, while fluorescence was collected in the blue (425 to 475 nm), green (500 to 545 nm), and red (575 to 675 nm) ranges. Differential interference contrast images were also collected using the 488-nm excitation light.
Statistical Analyses
Comparison of the continuous variables between 2 groups was performed using the Mann-Whitney-Wilcoxon test. Fisher exact test was used to compare categorical variables between the 2 groups. Kruskal-Wallis test was conducted to compare continuous variables among ≥3 groups, with post hoc MannWhitney-Wilcoxon test to compare differences between any 2 groups. Comparison of APD in the absence and presence of 100 nmol/L apamin was performed using Wilcoxon signed rank test. To compare K d of calcium sensitivity of I KAS between the HF and the non-HF groups, extra sum-of-square F test was used. All comparisons were performed to test 2-tailed methods and P≤0.05 was considered statistically significant. Statistical analyses were performed using SPSS PASW Statistics 17 software (IBM), and Prism 5.0 (GraphPad). Data in the text and figures are presented as median [25th and 75th percentiles] or meanAESEM unless otherwise stated.
Results

Clinical Characteristics
The left ventricular ejection fraction was significantly lower in the HF group (19% [15% and 22%]) than in the non-HF group (55% [51% and 64%], P<0.001). Nine (75%) patients in the HF group and none in the non-HF group had a history of ventricular arrhythmias. In the HF group, 9 (75%) patients had an implantable cardioverter-defibrillator and 9 (75%) had a left ventricular assist device (VAD) as a bridge to orthotopic heart transplantation. The 9 patients with a VAD waited for 208.5 days [80.75 and 319.5 days] before receiving a heart transplant. Table 1 summarizes the clinical characteristics. All 12 HF group and 11 non-HF group patients were included in the single-cell studies.
I KAS in Cardiomyocytes of the HF and Non-HF Groups
Characteristics of I KAS were studied in the ventricular myocytes isolated from HF and non-HF hearts using patchclamp techniques. Figure 1A shows representative whole-cell K + current traces recorded in the absence and presence of 100 nmol/L apamin with an intrapipette free Ca 2+ concentration of 1 lmol/L. I KAS were detected as 100 nmol/L apamin-sensitive K + currents ( Figure 1A , right panels). Figure 1D shows time course of recovery of I K from inhibition with apamin (100 nmol/L) obtained in a failing ventricular myocyte. I K were activated with 1 lmol/L intrapipette Ca 2+ and repetitive ramp-pulses. I K was rapidly inhibited with an application of apamin (100 nmol/L). However, I K was only partially reversible on washout. Figure 2 , the curve of Ca 2+ -dependent I KAS was left-shifted in the HF myocytes compared with the non-HF myocytes (P<0.001). Each cell was exposed to only one Ca i concentration. Therefore, the number in Figure 2 is equal to the number of cells studied.
Measurement of Action Potential in HF and Non-HF Cardiomyocytes
Next, effects of apamin on APD 80 were studied using a perforated-patch method. Although apamin (100 nmol/L) had only small effects on APD 80 in the non-HF myocytes, it significantly prolonged the APD 80 in the HF myocytes by + currents measured at 0 mV with ramp-pulse protocol (test pulse: between +20 and À140 mV; holding membrane potential: À80 mV; pulse frequency: every 6 seconds) in a cardiomyocyte isolated from a failing heart. The current density during apamin (b) and after washout (c) showed only slight differences, indicating incomplete washout of apamin. HF indicates heart failure.
11.8% (Figure 3 ). These results indicate that I KAS is important in maintaining the repolarization reserve in failing ventricles.
Western Blot Analysis
Because a large portion of I KAS is carried by SK2 channels, 20 we examined expression levels of SK2 protein in the tissue homogenate. Using a commercial antibody raised against an immunogen peptide located between residues 450 to 560 of human SK2, we confirmed the previous observations that SK2 channels were expressed abundantly in nonfailing atria but weakly in nonfailing ventricles 21 ( Figure 4A , left, 66-kDa bands). However, the failing ventricles had significantly higher expression of SK2 protein than the nonfailing ventricles ( Figure 4A , right). Protein bands with molecular mass of 30 kDa were also significantly increased in the failing ventricles ( Figure 4A, right) . The SK3 is detected at low levels. The signal-to-noise ratio of SK3 was too low to accurately analyze the SK3 protein concentration. The low SK3 protein expression is consistent with that found by other investigators. 19 
Immunohistochemical Staining Study
We performed immunofluorescence confocal imaging to determine the subcellular distribution of SK2 channel proteins. Representative examples from a nonfailing and a failing heart are shown in Figure 5 . In non-HF cardiomyocytes, anti-SK2 immune reactivity (red signal; blue, nuclei) displayed a regular striated appearance, compatible with SK2 channel clusters being distributed along transverse-tubular membranes (see also higher-magnification views at the bottom). Spatial distribution of SK2 protein became more disorganized in cardiomyocytes from failing hearts, suggesting partial loss of SK2 channel clusters at striations. Both HF and non-HF cardiomyocytes exhibited areas of unspecific yellow fluorescence, which were also present in the absence of the fluorescent secondary antibody and therefore result from the overlap of unspecific red and green autofluorescence in processed tissue. Small arteries in both nonfailing and failing hearts were found to express SK2, in agreement with previous observations by others. 22 
Discussion
In this study, we report several novel findings: (1) I KAS was upregulated in failing human ventricles; (2) the distribution of I KAS was transmurally heterogeneous with the midmyocardial layer expressing significantly less I KAS than the epicardial and the endocardial layers; (3) the upregulated I KAS significantly contributes to the repolarization of failing ventricular myocytes; (4) both increased SK2 protein and increased Ca regulation of multiple major K + currents (I to , I Ks , I Kr , I K1 , and I KATP ), [3] [4] [5] [6] the HF cardiomyocytes have reduced ability to shorten the APD. This reduced repolarization reserve may play an important role in proarrhythmia in failing ventricles. In our study, some of the midmyocardial layer myocytes in failing ventricles did not show increased I KAS . These cardiomyocytes might be particularly vulnerable to afterdepolarizations and triggered activities. While the upregulation of I KAS may be antiarrhythmic, it can also be proarrhythmic. We showed that I KAS is upregulated in epicardial and endocardial myocytes in failing human ventricles. In these cells, I KAS is almost constitutively active due to the increased Ca 2+ sensitivity. Although Ca i in the range of 300 to 400 nmol/L activates only 10% of maximal I KAS in nonfailing myocytes, 50% of maximal I KAS can be activated in failing myocytes (Figure 3 ). 
Increased SK2 Proteins in Failing Ventricles
Macroscopic whole-cell currents are determined by expression levels of channel proteins and ion channel functions such as channel open probability. The upregulation of I KAS can be achieved by an alteration of the expression of SK channels and/or the Ca 2+ -sensitivity of I KAS . It has been reported that 3 different subtypes of SK channels (SK1, SK2, and SK3) are expressed in human hearts. 27 Among these channel subtypes, SK2 is known to be the most sensitive to apamin and carry most of the I KAS . 20 Our Western blot analyses using anti-SK2 channel specific antibody showed that bands with a molecular mass of 66 kDa, corresponding to the known molecular size of SK2 variant 1 (NM_021614), were increased by 3-fold in the failing ventricles compared with the nonfailing ventricles. Because we detected a similar band in the human atria, which is known to express SK2 channels, we believe that SK2 channels were overexpressed in the failing ventricles of these patients. All these findings are consistent with our hypothesis that increased SK2 channel protein expression gave rise to increased I KAS in failing ventricles. An intriguing finding is the appearance of protein bands at a molecular mass of 31 kDa in the failing ventricles but little or none in the nonfailing ones. Although the true identity of these smaller bands was unclear, a known isoform of human SK2, SK2-s (NM_170775.1), might contribute to these 31-kDa bands. There are no previous reports on the expression and function of SK2-s in failing human hearts. Identification and characterization of this protein will be informative for further understanding the biophysical properties of I KAS in failing ventricles.
Subcellular Distribution of SK2 Protein
The subcellular distribution of SK2 protein in human ventricular myocytes is unknown. Previous immunohistochemical analyses have demonstrated that SK2 proteins are localized along the Z-line in human and canine ventricular myocytes. 14, 17, 28 Our immunofluorescence confocal imaging revealed SK2 protein localization along the Z-line in nonfailing heart that is similar to that seen in murine atrial myocytes. On the contrary, in failing hearts, the distribution of SK2 proteins was more diffuse, compatible with the notion that the mechanism responsible for SK2 protein alignment in physiological conditions is disrupted in failing ventricular cardiomyocytes. Possible reasons include structural remodeling of the transverse-axial tubular system 29 and changes in targeting of the channel protein to or anchoring in the sarcolemma. 30, 31 The functional consequences of these spatial rearrangements will be the subject of future investigations.
SK2 Proteins and the Upregulation of I KAS
It has been reported that the gating of rat SK2 channels solely depends on Ca i with a half-maximal K d of 500 nmol/L in Xenopus oocytes with an inside-out patch technique. 32 A similar K d value was obtained in our whole-cell current measurement in myocytes with intact regulatory proteins of SK channels. Interestingly, the K d in the failing ventricular myocytes was significantly lower than the control (314AE4 nmol/L versus 605AE28 nmol/L). These results suggest that channel open probability is higher in failing ventricular cells than in control cells at the same Ca i (ie, more sensitive to Ca i ; Figure 2 ). Recent studies identified several regulatory proteins that coassemble and regulate SK channels. 33, 34 These proteins include calmodulin, protein kinase CK2, and protein phosphatase (PP)2A. The study using a heterologous expression system demonstrated that CK2 can phosphorylate threonine 80 of calmodulin, resulting in a rightshift of Ca 2+ sensitivity of SK2 channels. This finding suggests that the left-shift of Ca 2+ sensitivity of I KAS observed in our study can be caused by a decrease in phosphorylation of calmodulin, by increased CK2 activity and/or increased PP2A activity. Unfortunately, limited availability of fresh human samples prevented us from making any conclusions regarding the role of these regulatory proteins in the current study. According to the study using canine heart failure models by Yeh et al, 24 the protein expressions of PP1 and PP2A were not altered, but the activity of PP1 was significantly increased in failing atria. Although the role of CK2/PP1 in the regulation of SK channels in cardiomyocytes is not fully understood, there is a possibility that CK2/PP1 can alter the Ca 2+ sensitivity of I KAS in human HF by modulating phosphorylation status of calmodulin, which requires further biochemical studies.
Study Limitations
There are several significant limitations in this study: (1) our control subjects had aortic stenosis and normal left ventricular ejection fraction because healthy hearts were not available for this study. These control patients are significantly older than the patients with HF, and there is a possibility that aging can reduce I KAS in normal human ventricles. However, studies using animal models and normal human samples agreed with the findings that I KAS was poorly expressed in the nonfailing ventricles. 14, 28 Therefore, it is reasonable to speculate that I KAS expression is not significantly affected solely by age. (2) Some of the patients with HF were taking antiarrhythmic agents. Whether those antiarrhythmic agents could be washed out during the cell isolation and patch-clamp experiments remains unknown. It is possible that some of the antiarrhythmic agents may affect the function and expression of SK2 channels. (3) Because the number of patients was small and the study design was crosssectional (ie, done at the time of transplant), we cannot determine whether the upregulation of I KAS can alter the patients' mortality and incidence of arrhythmias. (4) Because the time window for the experiments was limited to no more than 10 hours after isolation, we were not able to study a large number of cells in each patient. As indicated in a recent study using human left ventricular wedge preparation, 35 the distribution of M cells can be highly heterogeneous in human ventricles. Therefore, it is possible that we have studied both M cells and non-M cells in the midmyocardial layer, leading to a large variation of the current densities.
Conclusions
Our study for the first time demonstrated the heterogeneous upregulation of I KAS in failing human ventricles. Both increased protein expression and increased Ca 2+ sensitivity can contribute to the I KAS upregulation. Because all known K + currents are downregulated in HF, the I KAS plays a unique role in maintaining repolarization reserve in failing human ventricles. We propose that I KAS plays an important role in ventricular repolarization in failing human ventricles and thereby pose as a new therapeutic target in patients with HF.
